Sigma virus, the hereditary agent of a CO2-induced paralysis of Drosophila, is classified as a rhabdovirus on a molecular basis. We have purified its genome which after 32p-labelling was used as a probe to detect mRNAs in infected cells. A cDNA copy of the entire coding region of the glycoprotein mRNA was cloned. Nucleotide and deduced amino acid sequences were determined and compared to previously known sequences of other rhabdovirus glycoproteins to determine the relatedness of Sigma virus to other viruses of this group.
INTRODUCTION
CO2 sensitivity of viral origin was first reported in some strains of Drosophila melanogaster as a trait transmitted to progeny by an extrachromosomal route (L'H~ritier & Teissier, 1937; L'H6ritier, 1948) . The agent, named Sigma, was later identified on morphological criteria as a rhabdovirus (L'H6ritier, 1958; Berkaloff et al., 1965) . The virion proteins of Sigma virus resemble those of other rhabdoviruses (Richard-Molard et al., 1984) . The infection generally induces no signs of disease other than CO2-sensitivity (for reviews, see Brun & Plus, 1980 : Teninges et al., 1980 . A variety of rhabdoviruses from diverse origins (mammals, fish and insects) have been inoculated into several fly or mosquito species. Most of them are able to confer CO2 sensitivity. Rabies virus, infectious haematopoietic necrosis (IHN) virus and haemorrhagic septicaemia (HS) of trout virus did not multiply in Drosophila (Bussereau et al., by blending 200 COs-sensitive flies in 10 ml TD buffer (150 mM-NaC1, 5 mM-KC1, 0.7 mM-disodium phosphate, 8 mM-Tris-HCl pH 7.6). Debris was removed by centrifugation. The cell-free supernatant was sterilized by filtration through HA 0-45 ptm Millipore membranes and used to infect 770M3 cells as described below. Maximum yields of 106 Drosophila infectious units (i.u.) per ml were obtained after 15 days incubation (cells were transferred twice a week, weekly transfers resulted in poorer yields). After six successive passages in these cells, a virus stock yielding 109 i.u./ml in 5 days incubation was obtained. Further passages did not improve this yield. At this point, 1 litre of infected cell culture supernatant with a titre of 109 i.u./ml was divided into samples and stored at -70 °C. All subsequent experiments were initiated using this stock.
Virus titres were determined by injection of viral suspension into standard Drosophila flies; the endpoint dilution method described by L'H6ritier (1958) was used. One i.u. was the minimum amount of virus required to induce CO2 sensitivity in a fly within 21 days at 25 ~C.
Infection of Drosophila cells and Sigma virus purification.
Cells were infected 24 h after transfer. They were washed with TD buffer and received 0.4 ml of Sigma virus suspension containing 50 ~tg/ml DEAE-dextran (Pharmacia). After adsorption for 90 min, the inoculum was removed, the cells were washed twice with TD buffer and 10 ml of supplemented DS medium was added. Cells were transferred 2 days after infection and the supernatants were collected 3 days later.
The method for Sigma virus purification was adapted from Rose et al. (1977) , and 95% of viral infectivity was recovered. To remove the maximum of cellular debris, the supernatants were clarified by low-speed centrifugation (20 min at 12000 r.p.m, in an MSE centrifuge). Virus was pelleted by centrifugation for 1.5 h at 19000 r.p.m, in a Beckman R30 rotor. The pellets were suspended in TE buffer (10 mMoEDTA, 10 mm-Tris-HCl pH 8), gently sonicated for 4 s and virions were purified through a 15 to 40~ (w/v) sucros~TE gradient for 1-5 h at 24000 r.p.m. in a Beckman SW41 rotor. The virus band was collected by side puncture.
Sigma virus genome preparation. Sigma virus RNA was prepared either directly from virions or from purified nucleocapsids. In the latter case, the virus band was diluted to 2/3 with TE buffer and the suspension was made 1 M-NaC1, 1 ~ NP40 to release the nucleocapsids. The Sigma virus nucleocapsids were purified through a 25 to 35~ (w/w) CsCI-TE gradient for at least 20 h at 15 °C at 39000 r.p.m, in a Beckman SW41 rotor (adapted from Leppert et al., 1979) . Virion or nucleocapsid bands were diluted in 5 vol. of EX buffer (7 M-urea, 2% SDS, 0-35 MNaC1, 1 mM-EDTA, 10mr, l-Tris-HCl pH 8). Sigma virus RNA was purified by two phenol-chloroform extractions and then precipitated with ethano|.
The genomic RNA was analysed by agarose gel electrophoresis in 10 mM-sodium phosphate buffer pH 6.8, stained with ethidium bromide and visualized by u.v. illumination.
32p-labelling of the Sigma virus genome in vitro. RNA was partially degraded in alkaline buffer and kinaselabelled. One ~tg of RNA was incubated in a 50 mM final concentration of Tris-HC1 pH 9.5 for 20 rain at 87 °C, then added to 50 to 100/.tCi IT-3zp]ATP (5000 Ci/mmol) with 4 units of polynucleotide kinase in 50 mM-Tris HCI pH 7.5, 20 mM-MgCI:, 10 mM-dithiothreitol and 50 laM-spermidine. The mixture was incubated for 30 min at 37 °C and the reaction was stopped by adjusting to 35 mM-EDTA. The unincorporated ATP was removed by chromatography on Sephadex G-50. The partial alkali degradation resulted in a probe with a mean length between 60 and 100 nucleotides.
Cytoplasmic RNA extraction. Cells were washed with TD buffer and suspended in EX buffer; an equal volume of phenol-chloroform was added and the DNA was broken by sonication. The phenol-chloroform extraction was repeated twice. To separate RNA from DNA the last aqueous phase was brought to 2 M-LiCI, incubated at 4 °C for at least 4 h, the RNA was pelleted, washed, redissolved and finally precipitated with ethanol. Poly(A) ÷ RNA was selected once on an oligo(dT)-cellulose column.
Denaturing gel electrophoresis. Dried samples of Drosophila RNAs were suspended in pure formamide (half final volume), heated at 65 °C for 3 min, adjusted to 6~ formaldehyde, heated for a further 5 min at 65 °C and diluted in running buffer (0.2 M-sodium tetraborate, 0.2 mM-EDTA pH 8.3). Electrophoresis was performed in agarose gels containing 6~ formaldehyde.
Northern transfer and hybridization. RNA was transferred onto nitrocellulose filters (BA85, Schleicher & Schfill) using 20 x SSC as transfer buffer (1 x SSC is 0.15 M-NaC1, 0.015 i-trisodium citrate). Filters were baked for 4 h at 80 °C. The nitrocellulose filters were then pretreated for at least 4 h in 50~ formamide, 5 x SSC, 5 x Denhardt's solution [1 x Denhardt's solution is 0.02~ bovine serum albumin, 0-02~ Ficoll, 0.02~ polyvinylpyrrolidone (Denhardt, 1966) ], 0.05 M-sodium phosphate buffer pH 6-5.
When the extracted RNAs were hybridized with the Sigma virus RNA probe or with nick-translated recombinant plasmids, the prehybridization medium contained a mixture of nucleic acid competitors: 25 l-tg/ml yeast tRNA and 25 ~tg/ml of sonicated and denatured Drosophila DNA. When ). DNA was hybridized with the Sigma virus RNA probe, the competitor was 20 lag/ml yeast tRNA. The prehybridization was performed at 42 °C with continuous agitation. The hybridization was for 24 to 48 h at 42 °C. After hybridization, the filters were washed with agitation for 2 min in 2 × SSC at room temperature, for 2 h in 2 x SSC at 68 °C, for 1 h in 0.1 x SSC at 50 °C and then dried.
cDNA synthesis. First strand DNA copies of infected cell poly(A) + RNA were synthesized with avian myeloblastosis virus (AMV) reverse transcriptase, using oligo(dT) as primer. After heat denaturation, second strand cDNA synthesis was performed by the Klenow fragment of DNA polymerase. Hairpin structures were cleaved by S1 nuclease. The ends of double-stranded cDNA were filled using the Klenow fragment of DNA polymerase, cDNA was ligated to ~-32p-labelled EcoRI dodecamer linkers; the attached linkers were cut with EcoRI and the cDNA was separated from linker monomers by chromatography on Bio-Gel A-l.5m (according to Maniatis et al., 1982) .
Cloning and screening. EcoRI ends of cDNA were ligated with an excess of EcoRI-cut ). 641 DNA (Murray et al., 1977) . The products were packaged in vitro according to the procedure of Scherer et al. (1981) . Products of the packaging reaction in vitro were plated on Escherichia coli POP101 carrying the lyc-7 mutation (Lathe & Lecocq, 1977) . The rationale for using this strain is described in Scherer et al. (1981) . Plaques were transferred to nitrocellulose duplicate filters according to Benton & Davis (1977) but with a slight modification: denaturation was in 0.5 M-NaOH, 1.5 M-NaC1 for 5 min and neutralization was in 0.5 i-Tris-HC1 pH 7.5, 1.5 M-NaC1 twice for 5 min.
Purification and analysis of recombinant phage 2 641. The duplicate nitrocellulose filters were hybridized with 32p° labelled Sigma virus genome RNA. Plaques corresponding to a positive signal on the autoradiogram were taken and suspended in 10 mM-Tris-HCl pH 7.5, 20 mi-NaC1, 20 mM-MgCI2. Phages were grown on E. coli POP101 and purified by CsCI equilibrium sedimentation; DNA was extracted with formamide, ethanol-precipitated, digested with EcoRI and analysed by electrophoresis on 1 ~ agarose gel in TA buffer (20 raM-sodium acetate, 2 mM-EDTA, 40 mi-Tris-HCl pH 8.3) to determine the insert length.
Subcloning in the pUC12 plasmid. The insert was transferred in the unique EcoRI site of the pUC12 plasmid (Vieira & Messing, 1982) . The bacterial strain J M 103 (Kushner, 1978) was transformed with the ligation products according to the procedure of Mandel & Higa (1970) . After screening on X-gal plates, white colonies were cultivated; plasmids were isolated by the clear lysate technique using chloramphenicol amplification (adapted from Clewell, 1972) and then purified by CsC1 equilibrium sedimentation.
DNA sequencing. DNA fragments for sequence analysis were prepared by restriction enzyme digestion and labelled either at the 5' end with polynucleotide kinase after alkaline phosphatase treatment or at the 3' end with the Klenow fragment of DNA polymerase. Some of the fragments for sequencing were obtained by cleavage with a second restriction enzyme followed by gel electrophoresis. Others were strand-separated by electrophoresis on 5~ polyacrylamide gels. Sequence analysis was performed according to the Maxam and Gilbert chemical procedure (Maxam & Gilbert, 1980 
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RESULTS
The selection of a virus stock giving sufficient yields for satisfactory virus purification is described in Methods. Some characteristics of the hereditary transmission differed from the original stock. The variant retained the ability to invade germ line cells but was unable to establish a persistent infection in these cells corresponding to the stabilized condition. CO2-sensitive descendants in the progeny of inoculated females showed a very low fertility and the few second generation descendants obtained were uninfected, suggesting pathogenicity of this variant for germ line cells.
Sigma virus genome
On agarose gel electrophoresis three RNA bands were obtained from purified v.irion preparations: the major component had the size expected for a rhabdovirus genome, the two others comigrated with 18S ribosomal and tRNA (data not shown). These latter two bands were totally absent in nucleic acids extracted from virion nucleocapsids purified in CsC1 gradients. The material extracted from nucleocapsids was completely degraded upon RNase A digestion and thus consisted of single-stranded RNA.
Estimates of Mr were made by comparing electrophoretic mobilities in agarose gel of Sigma virus RNA with those of VSV, rabies (strain CVS) and Drosophila ribosomal RNA markers ( Fig. 1) . Assuming a Mr of 3.82 × 106 for VSV and rabies virus (Bishop et al., 1975) , the values of Mr obtained ranged from 4-2 x 106 to 4-3 × 106. However, these estimates.must be viewed with caution because we had no marker larger than Sigma RNA and we did not use denaturing conditions.
Sigma virus messenger RNAs
Sigma virus genome RNA extracted from nucleocapsids was 3Zp-labelled 01 vitro with kinase after partial hydrolysis and used as a probe to detect RNAs of complementary sense in infected cell extracts. Either poly(A) + fractions or total RNA were fractionated by agaroseformaldehyde gel electrophoresis, transferred to nitrocellulose and hybridized. Both preparations revealed four discrete bands in the same size range as the VSV mRNA species coding for proteins G, N, M and NS (Fig. 2) . The lengths in nucleotides, excluding polyadenylate, of the VSV mRNAs used as markers were: 6380 (L), 1665 (G), 1326 (N), 831 (M) and 815 (NS) Schubert et al., 1984) . Assuming an average number of 90 adenylic residues in the poly(A) tail (Rose & Knipe, 1975) and a linear relation between the electrophoretic mobility and the log~o of the nucleotide number, the deduced lengths of the Sigma virus mRNAs [excluding poly(A)] would be: 1730, 1490, 1030 and 860 nucleotides. The maximum Mr expected for the corresponding amino acid chains would be 63 000, 54 000, 37 000 and 31000. The Mr estimated from the electrophoretic mobilities of Sigma virus proteins were 210000, 68000, 57000, 44000 and 25000 (Richard-Molard et al., 1984) . Within the limits of our detection capability we did not observe any RNA of sufficient size to encode P210, neither in poly(A) + RNA nor in total RNA. The 1730 and the 860 nucleotide mRNAs may code respectively for the 68000 Mr protein, which undergoes post-translational glycosylation, and for the 25 000 Mr membrane protein. The assignment of the two other mRNAs to the other protein species is uncertain. P44 is the nucleocapsid protein and P57 supposedly the equivalent of the VSV NS protein. 
Sequence analysis
After restriction enzyme mapping, the sites shown in Fig. 3 were found suitable for endlabelling and isolation of D N A overlapping fragments. This figure indicates the regions and directions sequenced which almost cover both D N A strands. At the 5' end, position 1 represents the first nucleotide following the EcoRI linker ( C C G G A A T T C C G G ) . The sequence, shown in 1983; Gill & Banerjee, 1986) and SVC virus (Kiuchi & Roy, 1984) . This consensus is limited to the last two nucleotides UG in rabies virus mRNAs (Tordo et al., 1986) . The base composition of the coding sequence is 27.7~ A, 26.3~ T, 24.0~ G and 22.0~ C. This distribution, which is close to random, does not significantly affect the third base choice in codons since G is chosen more often than A (Table 1) . A low proportion of CG dinucleotides relative to the other 15 doublets is encountered in a large number of diverse organisms. It is also observed in this sequence and the slightly lower content of C cannot account for this, since CC doublets are three times more abundant.
Properties of the predicted protein sequence
The amino acid sequence shown in Fig. 4 consists of a 526 amino acid chain with a total Mr of 58975. A very short ORF was also observed from residue 643 (ATG start codon) to residue 763 (stop codon TAG), which could eventually encode a peptide of 40 amino acids.
The precursor for a membrane-translated and membrane-anchored viral glycoprotein would 270  280  910  920  930  940  950  960  970  ACTATCCAAACTGCCGTTGTGGAAAATATAAACCCAGAGA  T TCAAGAGCTCACTGTCAACATGATGTACAGATTG  T  I Y  340  350  360  1130  1140  1150  1160  I 170  1180  1190  1200  A Val GUU 10 Ala GCU 3 Asp GAU 13 Gly GGU 8 GUC 11
GCC 3 GAC 8 GGC 7 GUA 11 GCA 9 Glu GAA 9 GGA 7 GUG 13 GCG 2 GAG 21 GGG 12 * Of the codons used, 26.6% end in U, 22.6~ end in C, 23.6 °/end in A and 27.2% contain CG. end in G. Twenty codons be expected to possess (i) an N-terminal segment with the properties of a leader peptide (McGeoch, 1985; Von Heijne, 1984) , (ii) a stop-transfer sequence (membrane-spanning domain) of at least 20 hydrophobic amino acids flanked by basic residues and followed by a hydrophilic C-terminal intracytoplasmic domain (for review, see Sabatini et al., 1982) and (iii) consensus sequences N-X-T/S for glycosylation (Neuberger et al., 1972) .
These three features are present in the sequence shown in Fig. 4 . First, the 526 amino acid chain contains an N-terminal sequence of 17 amino acids with a hydropathy index > 2.1 (Kyte & Doolittle, 1982) followed by a lysine. Second, near the C-terminus, a highly hydrophobic sequence of 23 amino acids (residues 480 to 502) flanked by two lysines has the properties of a membrane-spanning domain. A short hydrophobic stretch (residue 504 to 516) beyond this, followed by a short hydrophilic segment (residue 517 to 526), could be the intracytoplasmic domain. Third, the sequence contains three potential sites for glycosylation of asparagine as defined by the canonical sequence N-X-T/S. They are at positions 32 (N-S-S), 445 (N-H-T) and 459 (N-S-T). Between the leader peptide and the transmembrane region, the hydropathy plot shown in Fig. 5 indicates clearly the presence of four major hydrophilic regions centred around residues 55, 232, 372 and 395.
The glycoprotein amino acid sequences deduced from the mRNA nucleotide sequences are already known for three rhabdoviruses. These are rabies virus strains ERA (Anilionis et al., 1981) and CVS (Yelverton et al., 1983) , VSV Indiana and VSV New Jersey (Gallione & Rose, 1983) . These proteins are similar in size: 524 amino acids for both rabies virus strains, 511 for VSV Indiana, 517 for VSV New Jersey, compared with 526 for Sigma virus.
Amino acid sequences have been aligned as shown in Fig. 6 . Gaps were inserted to maximize amino acid homology and particularly the alignment of cysteine, tryptophan and proline residues and of the transmembrane regions. Although the precise position of gaps is rather subjective, the fact that they were required only occasionally to maintain alignment confirms the relatedness of the Sigma virus sequence analysed here to the glycoproteins of the other rhabdoviruses. Table 2 shows the overall amino acid homology between these proteins. The percentage amino acid difference is greater between Sigma virus and rabies virus than between Sigma virus and either VSV serotype.
The overall homology between all five proteins is 6 %, one-fifth being glycine residues. Of the 13 cysteine residues in Sigma virus G protein, five had no equivalent within the three glycoprotein sequences, eight were aligned with eight of the 15 cysteine residues in VSV Indiana G protein, and with eight of the 12 cysteine residues in VSV New Jersey G protein, but only five were aligned with five of the 17 cysteine residues in rabies virus G protein. Kyte & Doolittle (1982) with a window size of 11 residues. Arrows point to the major hydrophilic peaks centred around residues 55, 232, 372 and 395. 2633 six amino acids from the membrane-spanning domain in the VSV Indiana G protein is the site for fatty acid (palmitate) acylation (Rose et al., 1984) . It is noteworthy that the Sigma G protein sequence possesses cysteine residues at positions 7, 13 and 18 from the basic residue (lysine in 503) potentially ending the transmembrane domain, whereas no such residues were found in the homologous regions of VSV New Jersey and rabies virus.
The N-terminal leader peptide consists of a hydrophobic stretch of 16 residues in VSV Indiana and New Jersey, 19 in rabies virus and we propose the first 17 residues for this function in Sigma virus. A lysine follows in all five sequences. It was shown to be the first N-terminal residue of VSV and rabies virus mature proteins, and it is likely to play the same role in the Sigma virus sequence. The stretch of 25 residues that follows is thought to confer the cell fusion properties of VSV (Schlegel & Wade, 1985) . On the basis of hydrophobic properties, this stretch shares the same features in all five proteins; it can be divided into two parts: the first one is hydrophobic and highly conserved, and is followed by a less well conserved hydrophilic portion.
The cysteine distribution divides the extracellular domains of three of these proteins (Sigma virus and the VSVs) into two regions: the two-thirds (residues 45 to 312) next to the N terminus contain most of them and the last third (residues 313 to 480) has none. In rabies virus two cysteines are found at positions 361 and 368 then none are encountered until the transmembrane region is reached.
Near the C terminus, regions with the properties of a membrane-spanning domain consist of 20 residues in both VSVs, 22 residues in rabies virus and 23 in Sigma virus. They are followed by an intracytoplasmic domain of 20 amino acids in the glycoprotein of the VSVs, 23 in Sigma virus and 44 in rabies virus. This region is not conserved. A feature common to all transmembrane viral glycoproteins known to date (a basic net charge of the intracytoplasmic domain) can also be predicted from these four sequences. The net charge of the extracellular domain is basic for rabies virus and acidic for the three others (Table 3) .
Consensus glycosylation sequences which are totally conserved in the two VSVs, partially conserved (one of three) between the VSVs and rabies virus, are in different positions in the predicted sequence of the Sigma virus glycoprotein.
The overall amino acid compositions of the four proteins are shown in Table 3 . They are similar to the average protein composition calculated by Dayhoff et al. (1978) except that a slight deficit in alanine is observed in all four proteins. Sigma virus, VSV New Jersey and VSV Indiana use leucine and isoleucine in almost equal proportions while leucine is preferred in rabies virus. Among polar residues, rabies virus glycoprotein is low in glutamine. Sigma virus contains fewer basic residues than the other three and, like VSV New Jersey and rabies virus, contains more glutamic than aspartic acid negative charges. Net charge § -1.5 -3.5 + 1-5 +9 ED -4.5 -9 -5.5 +4 ID +3 +5.5 +7 +5
* Sigma virus, S; VSV New Jersey, NJ; VSV Indiana, IN; rabies virus strain ERA, R; an average protein, AV, from Dayhoff et al. (1978) .
t 4 x id, indicates the number of residues identical in the four sequences according to the alignment shown in Fig. 6 . Glycine residues which were not used as pivots in the alignment appear highly conserved.
~: Figures in parentheses are percentages. § Charges were calculated on the basis of + 1 for each lysine and arginine, +0.5 for histidine, and -1 for each aspartic and glutamic acid. The extracellular domain (ED) of rabies virus glycoprotein has a net basic character while that of Sigma virus, New Jersey and Indiana are acidic. The four intracytoplasmic domains (ID) are basic like those of all known viral transmembrane proteins. observed in mammals. The meaning of these data is not clear especially as the distribution of codon usage among a large number of Drosophila genes is not yet known and as there are many animal viruses which do not strictly copy the average codon choice of their host (Grantham et al., 1985) .
The predicted glycoprotein sequences indicate a slight but significant relationship between Sigma virus and VSV (Indiana and New Jersey serotypes) while rabies virus seems much more distant. This is consistent with the biological properties of the viruses.
We suspect that the viral membrane proteins play a major role in the CO2 sensitivity of infected insects, for the following reasons. Drosophila flies persistently infected by Sigma virus (stabilized condition) exhibit CO_, sensitivity throughout their lives. Flies stabilized for the Sigma virus ts9 temperature-sensitive mutant lose their CO2 sensitivity at a non-permissive temperature (29.5 °C), but the hereditary transmission of the virus is not interrupted. Several generations may be bred at 29-5 °C, and CO_, sensitivity reappears in descendants when they are restored to the permissive temperature (20°C) (Contamine, 1973 (Contamine, , 1984 . Thus, functions indispensable to viral replication, presumably the L, NS and N proteins, cannot be altered in the ts9 mutant. G or M, the only viral proteins which are not directly involved in this process, are possible candidates for the role of CO2 sensitivity factor. Which protein, G or M, is the CO2 sensitivity factor altered in ts9 is difficult to determine by a direct molecular analysis, due to the very low virus yields from most Sigma virus strains propagated in flies. So, the next step will be to exploit the possibilities of analysis offered by the transformation of Drosophila using vectors built for expression of discrete viral genes.
